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Purple Kale is a vegetable of the Brassicaceae family whose are popularly consumed in recent years due to their
high level of healthy components. For consumption, matures leaves are harvested and postharvest senescence is
induced. Changes in color leaves due to chlorophyll degradation are the main visible symptoms of postharvest
senescence, but there are other changes that affect the nutritional quality of kale. The aim of this study was to
investigate if low intensity light pulses could be used to delay postharvest senescence of purple kale stored at
room temperature. Daily treatments with 1 h pulses of white or red light were performed. Irradiated samples had
approximately 40% higher chlorophyll and protein and more of 20% higher antioxidant capacity and soluble
sugar content than control samples regardless of light quality used in treatment (white or red). Both light
treatments improve the appearance and quality of kale during storage at room temperature.1. Introduction
Purple Kale (Brassica oleracea var. sabellica) is a leafy vegetable of the
Brassicaceae family whose consumption has increased in the last years.
Kale is mainly cultivated in Central and Northern Europe and North
America as winter crops (Neugart et al., 2012), but it can be also grown
all year in the tropical regions due to its tolerance to summer heat
(Noichinda et al., 2007). Actually its production is extending to the Re-
public of Mexico, Chile and Argentina. Brassicaceae, are popularly
consumed due to their high content of health promoting phytochemicals,
such as glucosinolates, vitamin C and polyphenols (Bj€orkman et al., 2011;
Deng et al., 2017). Kale plants have a large number of phenolics com-
pounds and the level and type of phenolic components are strongly
influenced by growth conditions, i.e. temperature and irradiation (Neu-
gart et al., 2013). There are different commercial cultivars of kale with
different leaf color and shape. Additionally, purple kale has high content
of carotenoids and anthocyanin which improves even more its quality
(Walsh et al., 2015). Particularly, anthocyanin-rich food products have
become increasingly popular due to their attractive colors and suggested
benefits for human health (Pojer et al., 2013). Flavonoids, including
anthocyanins, may scavenge reactive oxygen species (ROS) generated by
metabolic process (Neill and Gould, 2003). Phenolic components in kaleL. Costa).
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vier Ltd. This is an open access arleaves depends strongly of temperature and Kale plant consists of many
leaves which are inserted in a single stem that grows upwards. The
harvest of mature leaves for consumption causes a severe stress that
quickly triggers senescence. By this reason, kale becomes a perishable
vegetable which deteriorates rapidly during postharvest storage. During
senescence, changes in color leaves are the main visible symptoms of
deterioration (Wang, 1998), but loss of proteins and sugar are also a
common feature. Albornoz and Cantwell (2016) used overall visual
quality, yellowing, discoloration/browning, and chlorophyll/car-
otenoids levels to analyzed kale marketability. Until the present, only few
works about postharvest physiology or technology of kale have been
published and, among them, generally Chinese kale (Brassica oleracea
var. alboglabra) was the crop studied (Noichinda et al., 2007; Sun et al.,
2012; Deng et al., 2017).
After harvest, the kale mature leaves turn yellow within a few days, if
held at 20 C or above (Noichinda et al., 2007). In general the loss of
visual and nutritional quality of kale leaves increased with increasing of
temperature and days of storage; therefore postharvest storage recom-
mendations for this crop are refrigeration (0–5 C) and high relative
humidity (Albornoz and Cantwell, 2016). However, frequently post-
harvest storage in the field, handling, transportation and spending phases
take place at ambient temperature (Jones et al., 2006; Yuan et al., 2010).mber 2019
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posthasvest senescence of leafy vegetables at room temperature as
alternative to refrigeration.
During the last years, visible light treatments have been developed as
a novel postharvest technology (Charles et al., 2018). Habitually during
postharvest vegetables are storage in darkness, which induces and ac-
celerates postharvest senescence. However, detached plant organs as
isolated leaves and postharvest vegetables maintain responsiveness to
light after harvest. If the light intensity is adequate, leaves can continue
light-dependent biological processes like photosynthesis (Liebsch and
Keech, 2016). In pre-harvest the contents of health-promoting com-
pounds, as anthocyanin and other flavonoids, can be influenced by light
intensity and/or light quality (Deng et al., 2017). During cultivation of
kale, the profile of phenolic compounds can be influenced by light in-
tensity (Neugart et al., 2012). Therefore, it is probably that light treat-
ments can also affect the antioxidant content of kale leavesduring
postharvest storage.
Some years ago, several works have demonstrated beneficial effects of
light during storage; e.g. continues light exposition can retard tissue
browning and maintained soluble sugars and ascorbic acid in fresh-cut
romaine lettuces (Zhan et al., 2012, 2013). Continues low intensity
light during postharvest delayed broccoli yellowing (Büchert et al., 2011)
and improve nutritional qualities of spinach leaves (Lester et al., 2010). A
treatment with low intensity continuous light during postharvest storage
of Chinese kale was effective to prevent a decrease of antioxidants and
increase the content of monosaccharides and starch in leaves of Chinese
kale (Noichinda et al., 2007). Low intensity light pulses delayed post-
harvest senescence of spinach leaves (Gergoff Grozeff et al., 2013) and
basil leaves (Costa et al., 2013). Recently, we have reported that treat-
ments with daily pulses of (20 μmol m2 s1) white or red light were
effective to delay postharvest senescence of broccoli inflorescences
stored at 20 C (Favre et al., 2018). Commercial broccoli tissues are in-
florescences while commercial kale tissues are leaves, therefore the effect
of light treatment on each crop during postharvest storage probably
could not be the same.
The purpose of the present study was to investigate if pulses of low
intensity light treatments have effect on postharvest senescence of purple
kale leaves, with special focus in pigments changes and antioxidant ca-
pacity during storage at room temperature. Light is the most important
environmental factor influencing anthocyanin biosynthesis in plants and
phytochromes are the photoreceptors involved in anthocyanin biosyn-
thesis (Quail et al., 1995).
2. Materials and methods
2.1. Plant materials and experimental design
Purple kale (Brassica oleracea var. sabellica) was growing under field
conditions in a farm near La Plata, Argentina (3454045.6900S,
5755050.3900W) from September to December 2017. Purple kale mature
leaves were harvested early in the morning and immediately transported
to the laboratory. Mature leaves were selected for uniformity of size,
between 20-25 cm, and color. Three leaves were placed inside PVC
(Polyvinyl chloride) food packaging perforated trays. Five trays were
used for each treatment (n ¼ 15): control (0 min of irradiation); white
light (1 h of daily irradiation at 20–25 μmol m2 s 1 provided by fluo-
rescent lamps) and red light (1 h of daily irradiation at 20–25 μmol m2 s
1 provided by fluorescent lamps with a LEE filters placed between lamps
and leaves as described in Costa et al. (2013)). Irradiation treatments
were applied on open trays. Light intensity and spectral qualities were
controlled as described in Favre et al. (2018). Trays were stored at 20 C
in darkness. The weight of Kale leaves was taken daily and weight losses
were calculated as percentage. Disks of kale leaves were taken at the
beginning of the experiment (D0) and after 3 d of storage (D3) and were
kept at -80 C for biochemical determinations.2
2.2. Photosynthesis–light response curves measurement
An infrared gas analyzer (IRGA, CIRAS II, PPSystems, UK) was used to
measure net photosynthesis. The system allows for automated microcli-
mate control in the leaf chamber. Before each measurement, leaves were
adapted for 10 min to chamber conditions. CO2 concentration was kept at
380 μmol mol1. To determine the response of net photosynthesis to light
intensity, we varied irradiance from 0 to 800 mol m2 s1 PAR (400–700
nm), at 25 C air temperature and 50% relative humidity. Three curves
were analyzed.
2.3. Stomatal conductance of leaves
Stomatal conductance of Kale leaves was measured before and after
light treatment. These measurements were made on four leaves. Stomatal
conductance (gs) was measured with a steady state porometer (Decagon
Devices, USA). Four leaves were used for each condition.
2.4. Chlorophyll and carotenoid content
Pigments content were determined spectrophotometrically according
to Favre et al. (2018). Chlorophyll a, b, total and carotenoid contents
were calculated by using Lichtenthaler's equations (Lichtenthaler, 1987).
Results were expressed as μg of pigment per cm2. Four biological rep-
licates per treatment were analyzed.
2.5. Anthocyanin content
Three cut leaf disc (1 cm diameter each) were homogenized with 1 ml
1% (v/v) HCl-methanol and kept at 4 C for 90 min. The slurry was
centrifuged at 3,000 x g for 15 min at 4 C. The supernatant was used to
determine anthocyanin content. Absorbance was measured in 200 μl of
supernatant diluted with 800 μl of pH 1.0 solution (KCl 0.025 M adjust
with HCl) and pH 4.5 buffer (CH3CO2Na⋅3H2O 0.4 M adjust with HCl) at
both 520 and 700 nm. Anthocyanin pigment concentration, expressed as
cyanidin-3-glucoside equivalents, was calculated as Lee et al. (2005),
using 26,900 molar extinction coefficient, in L mol1cm1, for
cyanidin-3-glucoside. Results were expressed as μg of pigment per cm2.
Four biological replicates per treatment were analyzed.
2.6. Soluble protein content
Soluble protein content was determined according Costa et al. (2013).
Three cut leaf discs (1 cm diameter each) were used for each treatment
and day. After centrifugation proteins in the supernatant were deter-
mined according to Bradford (1976) with bovine serum albumin as
standard. Results were expressed as mg of proteins per cm2. Four bio-
logical replicates per treatment were analyzed.
2.7. Determination of total phenolic content
Total phenolic content was measured spectrophotometrically ac-
cording to Costa et al. (2006). Five cut leaf discs (1 cm diameter each)
were used for each treatment and day. Total phenolics were calculated by
using a calibration curve with phenol as standard. Results were expressed
as mg of phenol per cm2. Four biological replicates per treatment were
analyzed.
2.8. Antioxidant capacity
The free radical-scavenging capacity of kale leaves was tested ac-
cording to Costa et al. (2005). Five cut leaf discs (1 cm diameter each)
were used for each treatment and day. Leaf disk was homogenized with
ethanol and centrifuged at 9000 x g for 10 min at 4 C. The resulting
supernatant was brought up to 100 ml with water. aliquots (5, 10, 20, 40,
80 and 120 μl) of the ethanolic extracts were added to test tubes
Table 1
Stomatal conductance of Kale leaves and light compensation point (i.e., the
irradiance where photosynthesis balances respiration) for harvested kale leaves.
Stomatal conductance was measured before and after white and red light treat-
ment (WL and RL) after 3 d of treatment. Control samples (C) were leaves without
light treatment. Each data represents the mean of three replicates. Different
letters of each column indicate significant differences (p < 0.05) among treat-
ments. Light compensation point was measured immediately after harvest in
three different kale leaves.
Stomatal conductance
Before treatment After treatment
C D3 14,9 a 15,4 a
WL D3 16,3 a 21,5 b, c
RL D3 18,2 a, b 25,5 c
Light compensation point 39  4 μmol m2 s1.
A. Barcena et al. Heliyon 5 (2019) e02467containing 3.9 ml of 0.025 g l1 2,2-diphenyl-1-picrylhydrazyl (DPPH) in
methanol, prepared fresh daily. The absorbance at 515 nm was measured
at different times until the reaction reached a plateau. The percentage of
remaining DPPH was then plotted against the extract volume to deter-
mine the amount of sample necessary to decrease the initial DPPH con-
centration by 50%, which was defined as EC50. The antioxidant power
was expressed as EC50 1.
2.9. Sugar content
Soluble reducing sugar content was determined using Somogyi
Nelson reaction (Hasperue et al., 2011) according Favre et al. (2018).
Five cut leaf discs (1 cm each) were used for each treatment and day.Fig. 1. Photos of kale leaves after 3 da
3
After Somogyi Nelson reaction the absorbance was measured at 520 nm.
Glucose was used as standard for calibration curve. Results were
expressed as μg of sugar per cm2. Four biological replicates per treat-
ment were performed.2.10. Statistical analysis
The complete experiment was done two times and performed ac-
cording to a factorial design. Fifteen leaves were used for each treatment
(five trays with 3 leaves each). Data were analyzed by using analysis of
variance (ANOVA) and means were compared by Tukey's Test at a sig-
nificance level of 0.05.
3. Results and discussion
3.1. Light treatment during storage prevents loss of chlorophylls and
proteins in purple kale leaves
Leafy vegetables have a high surface/volume ratio and therefore
exposed to a high dehydration (Kader, 2002). The turgor of the leaves is
an important factor of quality in kale, and weight loss is an excellent way
of measuring the degree of dehydration and loss of turgor during post-
harvest storage. In a preliminary trial, an irradiation with 2 h of low
intensity white light similar to that described for broccoli treatment
(Favre et al., 2018) was performed. However, we detected an excessive
weight loss, possibly because kale leaves result more sensible to dehy-
dration than broccoli inflorescences. Daily irradiation with 1 h of low
intensity light showed a significant impact on fresh weight loss of kale
leaves thought visual appearance was adequate. Control samples reducedys of storage at room temperature.
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weight loss was around 6 % after 3 d at 20 C. Stomatal conductance was
measured before and after light treatment (Table 1). As expected, after
light treatment stomatal conductance increased in kale treated leaves
while there were no changes in control samples (Table 1). It was showed
that white and blue light are the responsible for regulation of stomata
aperture (Eckert and Kaldenhoff, 2000). Transpiration can occur through
the stomata pores of leaves; however the overall appearance of irradiated
kale with white or red light was better than control at the end of the
experiment in spite of weight loss (Fig. 1). Our results are similar to those
described by Noichinda et al. (2007) for Chinese kale.
The main objective of this study was to evaluate the possibility of
using pulses of low intensity light during storage of purple kale to delay
senescence induced by harvesting. Storage of excised leaves in darkness
causes chlorophyll and protein breakdown, typical indicators of pro-
gression of senescence in green tissues (Nooden et al., 1997). A signifi-
cant decrease of total chlorophyll was observed in kale leaves after 3 d of
storage at 20 C (Fig. 2A). Approximately 62 % of the initial chlorophyll
content was loss in control leaves (stored in darkness) while white or redFig. 2. Changes in total chlorophyll (A), chlorophyll a (B) and chlorophyll b (C) cont
intensity light pulses for 1 h every day. Four independent extracts were made for each
unit. Each data point represents the mean of four replicates. Different letters indicat
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light treated leaves loss only 20 % of initial chlorophyll (Fig. 2A). Thus,
daily pulses of white or red light can delay chlorophyll degradation
during postharvest senescence of kale at 20 C. Total chlorophyll
degradation was delayed by light treatments regardless of quality light
(Fig. 2A). Immediately after harvest, control samples had similar levels of
both types of chlorophylls a (Chla) and b (Chlb) while after three days
Chla level was twice Chlb level (Fig. 2B and C). Chla declined only in
control samples (Fig. 2B) while Chlb level declined in all treatments
although in light treatments the decrease was lower than the control
(Fig. 2C). These results could be due to the fact that the first step of Chlb
degradation is conversion to Chla (H€ortensteiner, 2006) and low in-
tensity light treatment delayed strongly Chla degradation and thus Chlb
degradation was slowed.
As mentioned above, another characteristic symptom of senescence in
leaves is that chloroplast proteins are extensively degraded (Nooden
et al., 1997; Mae, 2004). Soluble protein content of non-treated kale
leaves diminished during storage, showing an important decrease of
about 75 %, after 3 d at 20 C (Fig. 3). In contrast, irradiated leaves with
red light retained their protein content respect to initial value, whereas inent in purple kale leaves after 0 (D0) and 3 d (D3) at 20 C. Leaves received low
sampling date and treatment. Chlorophyll content was expressed as μg per area
e statistical differences (p < 0.05).
Fig. 3. Changes in protein content in purple kale leaves after 0 (D0) and 3
d (D3) at 20 C. Leaves received low intensity light pulses for 1 h every day. Four
independent extracts were made for each sampling date and treatment. Protein
content was expressed as μg per area unit. Each data point represents the
mean of four replicates. Different letters indicate statistical differences (p
< 0.05).
A. Barcena et al. Heliyon 5 (2019) e02467white light treatment proteins decreased slightly after 3 d, showing a
decrease of about 36 % and maintaining higher levels than that of the
corresponding controls. These results suggest that red light pulses were
more effective than white light to delay postharvest senescence of kale
leaves, in terms of protein retention. Our result are consistent with the
idea that plants over-expressing phytochromes have a delayed leaf
senescence (Rousseaux et al., 1997) whereas phytochromes mutant
plants increased leaf yellowing in response to shade (Brouwer et al.,
2012).Fig. 4. Changes in the levels of carotenoids (A) and anthocyanin (B) in purple kale lea
day and then stored in darkness at 20 C for 3 d (D3). The parameters are expressed o
date and treatment. Bars indicate the standard deviation. Different letters mean stat
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3.2. Light treatment preserved postharvest qualities of purple kale leaves
Kale (Brassica oleracea var. sabellica) is an excellent source of dietary
carotenoids among green leafy vegetables due to its high concentrations
of lutein and zeaxanthin (Walsh et al., 2015). After 3 d of storage at 20 C,
carotenoids level of kale leaves remains constant regardless of the
treatment (Fig. 4A). These results are similar to those showed in a pre-
vious study in which it was determined that the level of carotenoids in
mature leaves of kale did not change during postharvest storage at room
temperature (Albornoz and Cantwell, 2016). With regard to the effect of
light treatment, our results are different from those described by
Hasperue et al. (2016) in broccoli heads. They observed an increase of
carotenoid after 3 d at 22 C in samples of broccoli irradiated with similar
low intensity white light. However, they used continues irradiation and it
is possible that some type of acclimatization of florets could occur
rendering a positive effect on carotenoids accumulation (Woitsch and
Romer, 2003; Briggs and Olney, 2007). Nevertheless, another difference
could be the type of tissue; the head of broccoli is an inflorescence and
the accumulation of carotenoids detected by Hasperue et al. (2016) could
be due to the development of the petals.
While the carotenoids content was similar in all samples along the
experiments, anthocyanin degradation was different according to the
irradiation treatment utilized. After 3 d at 20 C control leaves retained
43 % of anthocyanin, white light treated samples retained 67 % and red
light treated leaves retained 71 %, although there was no significant
difference between light treatments (Fig. 4B). Anthocyanin pigments are
important to kale quality because of their contribution to color and
appearance. Thus the high level of anthocyanin remained in treated
samples along storage result in better appearance of leaves (Fig. 1).
Additionally, nutritional quality of irradiated leaves was also improved
due to their higher level of carotenoids and anthocyanin in relation to
controls.
Finally, due to the resulting color of purple kale leaves is the conse-
quence of combination of green (chlorophyll) purple (anthocyanin) and
yellow (carotenoids), the ratio between pigment content after 3 d at 20
C was also calculated (Table 2). During storage the ratio chlorophyll/
carotenoids, chlorophyll/anthocyanin and anthocyanin/carotenoids
decreased approximately 50%, 30% and 60% respectively in control
samples. During senescence of purple kale, the carotenoids become the
main pigments, being this probably the main cause of the yellowish color
of this vegetable in its senescent state. Low intensity light pulses delayed
these changes in pigments balance regardless of light quality. It is
important to note that color is one of the most relevant traits forves given low intensity white or red light pulses (20 μmol m2 s1) for 1 h every
n the basis of leaf area. Four independent extracts were made for each sampling
istical differences (p < 0.05).
Table 2
Pigments ratio in purple kale leaves after 0 (D0) and 3 d (D3) at 20 C. Each data
is the result of dividing pigment contents in the same biological replica. Each data
represents the mean of four replicates. Different letters of each column indicate







D0 5.4  0.7 a 6.0  0,7 b 0.9  0.08 a
C D3 2.2  1.2c 5.2  0.7 c 0.4  0.05 c
WL
D3
4.1  0.5 b 7.1  0,5 a 0.6  0.08 b
RL D3 4.4  0.4 b 6.9  0.6 a 0.6  0.1 b
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purple kale and may also be considered as an indicator for estimating the
shelf-life of vegetables (Ali et al., 2009). The maintenance of pigment
balance in treated leaves rendered a better color of purple kale and; also
allowed preserving a higher content of pigments with possible health
benefits.
Phenolic compounds, one of the main antioxidants in Brassica spp.
vegetables, protect cells against oxidative damage by directly scavenging
free radicals, and therefore bring benefits to human health (Podsedek,
2007). In control samples, no changes were observed in the level of
phenolics compounds after 3 d (Fig. 5A). Unexpectedly, light treatments6
caused a slight decrement in the level of total phenolic at the end of the
experiment. Enzymatic browning in green leaves occurs when the
metabolism of phenylpropanoids is activated and the accumulation of
phenolic compounds may increase susceptibility to browning (Saltviet
and Choi, 2007). Sim~oes et al. (2015) detected increasing browning in
kale leaves during storage and attributed this change to phenyl-
propanoids accumulation. Since phenolic compounds accumulation af-
fects visual color of purple kale, light treatments have a positive effect on
this detrimental change. Concomitant with these findings, both an
increment and a decrement in the content of phenolics were reported
during postharvest senescence of different brassicas (Costa et al., 2006;
Sun et al., 2012; Favre et al., 2018). The heterogeneity of these results
could be explained by the broad variety in the biosynthesis metabolism,
composition and concentration of phenolic compounds among leafy
vegetables. Moreover genetic and environmental factors (light and
temperature), growing conditions, harvest practices and postharvest
handling conditions may also affect the content of phenolic compounds
(Rouphael et al., 2012; Neugart et al., 2012, 2013).
The level of antioxidants decreased after 3 d at 20 C in kale leaves, as
indicated by the decrease in EC501 values (Fig. 5B). Control samples
decreased their antioxidant capacity reaching a decrement of almost
50%. Light treatments had a positive effect in antioxidant capacity since
treated samples showed levels of antioxidant compounds significantly
higher than controls after 3 d (Fig. 5B).Fig. 5. Changes in the levels of total
phenolics (A), antioxidant capacity (B)
and soluble sugars (C) in purple kale
leaves treated with low intensity white
or red light pulses (20 μmol m2 s1) for
1 h every day and stored in darkness at
20 C for 3 d (D3). The parameters total
phenolics and sugar are expressed on the
basis of leaf area (A, C). The antioxidant
capacity (B) was expressed as EC501
(the amount of sample necessary to
decrease the initial DPPH concentration
by 50% was defined as EC50). Four in-
dependent extracts were made for each
sampling date and treatment. Bars indi-
cate the standard deviation. Different
letters mean statistical differences (p <
0.05).
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and antioxidant capacity (Fig. 5A and B) indicating that there was no
correlation between these compounds in kale. These results suggest that
it is possible that carotenoids, anthocyanin and ascorbic acid can be the
major antioxidant compounds in kale. Light treatment retained antho-
cyanin and carotenoids (Fig. 4) and maybe ascorbic acid too as in other
Brassicaceae (Bell et al., 2017). Phenolic compounds are a large class of
plant secondary metabolites, showing a diversity of structures, from
rather simple structures, e.g. phenolic acids, through polyphenols such as
flavonoids, that comprise several groups, to polymeric compounds based
on these different classes (Cheynier, 2012).
Photosynthesis vs. light response curves determined a light compen-
sation point (i.e., the irradiance where photosynthesis balances respira-
tion) for harvested kale leaves of about 39 μmol m2 s1 (Table 1). The
light treatment used here was between 20 and 25mol m2 s1, i.e., below
the light compensation point, therefore the possible positive impact of
light pulses on carbon balance may have been probably negligible.
Additionally, soluble sugar content decreased during storage in both
control and treated kale leaves, but the decline was greatest in leaves
stored in the dark. In non-treated leaves soluble sugars decreased by
about 55% after 3 d in darkness at 20 C, whereas sugar content was 15%
higher in treated leaves up to the end of the storage period, regardless of
light quality utilized (Fig. 5C). Phytochromes are involved in regulation
of ethylene biosynthesis and signaling which could impact on delaying
respiration rate (Mancinelli et al., 1991); therefore light treatment
delayed sugar consumption by a lower respiration rate during storage.
Additionally, this higher hexose level could work as regulator to delay
senescence progress. Hasperue et al. (2011) and Irving and Joyce (1995)
have demonstrated that hexoses can delay senescence of broccoli, and
our result could agree with this affirmation.
4. Conclusion
Regardless of the quality of light used, white or red, the treatment was
effective to improve purple kale preservation at room temperature.
Irradiated samples during 1 h daily with low intensity light showed
higher chlorophyll, protein, antioxidant capacity and soluble sugar
content than non-irradiated ones. Both qualities light, white or red had
similar effect on chlorophyll, carotenoids and anthocyanins retention
during postharvest senescence of kale leaves. Although the content of
phenols was not increased in the irradiated kale as in the control ones,
light treatments had a positive effect in antioxidant capacity of kale
leaves. Therefore white and red light treatments have the potential utility
of improving both the appearance and nutritional quality of purple kale
during postharvest storage at room temperature.
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